for investigators starting to do in vivo whole-cell patch clamping, our robot may facilitate entry into the field. Robots do not suffer from fatigue, and they may thus be of use even for trained in vivo patch clamp electrophysiologists seeking to increase robustness and yield for lengthy experiments.
Overview of autopatcher hardware and software
The general layout of the autopatcher equipment is shown in Figure 2 . The core components of the setup include the patch amplifier; a signal digitizer board equipped with analog inputs, as well as analog and digital outputs, for data acquisition and control; a custom autopatcher control box; and a pipette actuator for manipulating the patch pipette. The pipette actuator, along with the amplifier headstage and custom head fixation base for immobilizing the mouse, are installed on an optics table (or other sturdy table that is isolated from mechanical vibrations and electrical noise; Fig. 2a,c) . The pipette actuator allows programmatic control of the patch pipette movement in the axial direction during autopatching. In the current implementation (Fig. 2c) , this is achieved by mounting a programmable linear motor (PT1-Z8 motor with TDC001 controller, Thorlabs) onto a manually controlled three-axis linear stage (MPC285, Sutter Instrument).
The autopatcher equipment described here has been improved over that described in 2012 (ref. 24) . The key difference between the current version and the original 2012 version 24 is the use of an electronic control box instead of a manual syringe for pressure control. This control box also interfaces with the patch amplifier and the traditional external data acquisition device/digitizer (required for patch clamp amplifier operation; Fig. 2b,d ). The control box takes in a steady high-pressure air supply (~2,580 mBar) and downregulates it to two discrete positive pressures (a high positive pressure of 1,000 mBar and a low positive pressure of 100 mBar). Two discrete negative pressure states (a high negative pressure of −350 mBar and a low negative pressure of −25 mBar) are also generated from the same steady high-pressure air input using Venturi tube vacuum generators. Finer control of these pressures is then achieved by using electronic pressure regulators, which can modulate the pressures (0-800 mBar high positive pressure, 0-25 mBar low positive pressure, −25 to 0 mBar low negative pressure and −350 to 0 mBar high negative pressure) using potentiometers mounted on the control box's front panel. These pressures are inputs to a bank of three-way valves. Digital transistor-transistor logic (TTL) signals from the digitizer board switch the individual valves to change which pressure is applied to the pipette during autopatching. installing a pipette, software initialization and so on) that need to be performed after which the autopatcher will programmatically perform the remaining steps (ii) an initial assessment of the resistance of the patch pipette to eliminate unsuitable pipettes (Box 2, autopatching step 1); (iii) lowering of the patch pipette to the region of interest followed by a second assessment of pipette tip fidelity (Box 2, autopatching step 2); (iv) the neuron-hunting stage, during which the autopatcher scans for neurons (Box 2, autopatching step 3); (v) attempting gigasealing by modulating the pressure inside the pipette and pipette voltage after contact with a cell has been established (Box 2, autopatching steps 4 and 5); and (vi) the break-in stage, during which pulses of high negative pressure are applied to achieve the whole-cell patch clamp state (Step 36). Some fraction of the autopatcher trials results in end points other than acquisition of whole-cell patched or cell-attached recordings. Such instances are highlighted with the red arrows and explained in the corresponding steps in the protocol. (b) Schematic of the autopatcher system capable of performing the autopatching algorithm (adapted from Kodandaramaiah et al., 2012) : the system consists of a conventional in vivo patch setup (i.e., pipette, headstage, three-axis linear actuator, patch amplifier and computer), equipped with a few additional modules: a programmable linear motor and a custom control box for data acquisition to enable closed-loop control of the motor based upon a series of pipette resistance measurements. The control box also performs closed-loop pneumatic pressure control of the patch pipette. Adapted with permission from ref. 24 A central digitizer board equipped with analog inputs, as well as analog and digital outputs, in the autopatcher control box sends command voltage signals to the patch amplifier and reads the patch measurements from the amplifier output. Digital outputs on the same board are sent to a bank of pneumatic valves (described in Margrie et al. 7 and in the assembly manual 'autopatcher control box assembly manual.pdf' in supplementary Data 4) to switch between different pressure states during autopatcher operation. The four pressures are generated by downregulating a compressed air source of ~2,580 mBar using manual and electronic pressure regulators whose outputs can be controlled using knobs on the front panel of the control box (potentiometers in the lower left corner). Vacuum pressures are generated using Venturi tube vacuum generators also installed inside the autopatcher control box.
The digitizer board inside the control box connects to the computer via a USB interface. It has one analog output channel dedicated to sending command signals to the patch amplifier during autopatching. An internal relay is used to switch the command signals sent to the amplifier from the internal digitizer or the traditional external digitizer to enable experimental flexibility (Fig. 2d) . One analog input channel is used to record the current or voltage output signal from the patch amplifier. These measurements are used to compute the pipette resistances while the autopatching algorithm is being executed. The amplifier output is split within the box and routed to the traditional external digitizer, as well as to the internal one. These improvements in the pressure delivery system necessitated changes to the 2012 software interface. While the algorithm used for autopatcher is the same as that described in our 2012 paper 24 , the software has been modified to interface with the new hardware configuration. The current software program also includes scripts for controlling the amplifier software within the autopatcher program using dynamic link libraries (.dll files; Supplementary Data 1). Some of the materials included in this protocol (specifically, the software) were previously posted at the website http:// autopatcher.org; going forward, we will post periodic updates to the software and hardware on this site.
The rationale for including an extra linear motor-in addition to the manually controlled Sutter manipulator, as well as an internal digitizer, in addition to the traditional external digitizer-is to enable modularity; that is, we wanted to design a system that could be added easily to an existing patch rig, to make it automated. Of course, motors that can be directly controlled by computer (for example, the software-controllable version of the Sutter manipulator) or external digitizers that allow external software access may be directly modified by end users, and in such cases one could ignore the additional motor and digitizer. However, here we focus on a modular toolbox that, in principle, could be added to any existing patch system to make it automated.
Experimental design
The protocol for setting up the autopatcher and performing automated whole-cell patch clamping in vivo is divided into six stages. Stage I-hardware setup has detailed instructions for constructing, calibrating and testing autopatcher-specific hardware (Steps 1-6; Box 1). This is followed by Stage II-software setup, which guides the user on configuring the autopatcher software to control the autopatcher hardware components (Steps 7-11). Steps 1-11 are one-time installation instructions that set up a fully functional autopatcher rig. The subsequent steps involve instructions for each individual experiment. The setup of the autopatcher rig involves integrating off-the-shelf and custom components into an otherwise standard in vivo electrophysiology rig. Some of these integration steps require custom parts. The mechanical drawings and computer-aided design (CAD) files of all these custom parts are provided in Supplementary Data 2-4, and they can be used for in-house fabrication, or they can be sent to a commercial fabrication service (such as http://www.emachineshop.com/).
The step-by-step protocol for high-quality surgical preparation of mice for autopatching is described in Stage III-surgical preparation: headplate attachment and craniotomy . The beginning of each autopatching experiment requires initialization and configuration of the autopatcher software (Stage IVinitializing software programs for autopatching, Steps 21-24). The experimenter can then follow the steps in Stage V-setting up the autopatcher for patch clamping trial in order to set up the autopatcher for each autopatching trial (Steps 25-31).
The procedure followed by the autopatcher to automatically obtain whole-cell patch clamp recordings is described in Box 2. The experimenter can follow the progress of autopatching by observing the autopatcher software's graphical user interface (GUI). The GUI incorporates interactive features to guide users through these stages, with pop-up dialog boxes appearing when an end point has been reached or when other user input is required.
Box 1 | Ideal patch pipettes for autopatching
The patch pipette is an important component of the autopatcher, and its quality can have a major effect on the yield and quality of recordings obtained by the autopatcher. In our laboratory, we have consistently obtained high-quality and high-yield autopatched recordings using pipettes with certain geometrical characteristics. Our pipettes typically exhibit tip diameters of 0.8-0.9 µm (corresponding to a range of 5-7 MΩ resistance; Fig. 3 ). The general taper of the pipette leading up to the tip has a convex curvature. Pipettes with concave tapers typically have high variability in their resistances and may give variable results while autopatching. Finally, a broad cone angle assists in obtaining stable gigaseals and low access resistance when the whole-cell configuration is obtained. To optimize the pipette geometry, a good starting point is to follow the pipette puller's instruction manual to program it to pull pipettes that have resistances in the range of 3-9 MΩ. Then, the velocity and heat settings (for a Flaming-Brown puller) can be adjusted to obtain pipettes of the desired resistance range of 5-7 MΩ. Typically, higher velocity and heat settings result in pipettes with longer tapers and smaller tip diameters with corresponding increases in pipette resistance. Refer to the pipette puller's user manual for instructions on adjusting pulling parameters to obtain pipettes with optimum geometries. Further, the performance of the electronics and heating components in the pipette puller can drift over a period of time. To account for these drifts, it is recommended that the puller be switched on well in advance (or even left on continuously during days of experimentation) so that the electronic circuitry is at steady state. Capillary glass with the same dimensions from two different vendors (or even from one batch to the other) can behave very differently when pulled using the same program because of differing melting points and geometrical tolerances. Thus, the puller needs to be programmed for each type of glass capillary being used. As a final note, it is important to pull pipettes within a few hours before an autopatching experiment. It is not advisable to use pipettes that have been stored for longer durations, even if they have been kept in sealed airtight containers, as the surface properties may change because of dust in the air, markedly increasing the chance that the pipette tip will be clogged.
Box 2 | Autopatching
Autopatching step 1: checking the pipette outside the brain-the autopatcher first checks whether the pipette is suitable for autopatching ('ii' in Fig. 1a ) before insertion into the brain. It measures the pipette resistance in 1-s intervals for 20 s and displays these values in the 'Initial Pipette Resistance Assessment' graph in the autopatcher software GUI (Fig. 5) . At the end of 20 s, the average of the measured pipette resistances is displayed in the 'Average resistance during initial pipette assessment (M-Ohms)' report box, and the variance in measured pipette resistances is displayed in the 'Resistance variation during initial pipette assessment (M-ohms)' report box (Fig. 5) . At the end of this check, one of two cases can occur: (i) The pipette is suitable for autopatching: the autopatcher will then proceed to autopatching step 2.
(ii) The pipette is unsuitable for autopatching: if the pipette resistance is not within the range of 3-9 MΩ or if the variation in the resistance measurements is >50 KΩ, the autopatcher software GUI will display a pop-up dialog box instructing the experimenter to install a new pipette in the autopatcher for the next trial. (Advanced users desiring to push autopatching beyond the current specifications can of course modify the software to alter these defaults, e.g., if very fine pipettes are being used to attempt dendritic patching, but that is beyond the scope of this paper.) See Step 32 in the main protocol for required user intervention.
? trouBlesHootInG Autopatching step 2: regional pipette localization-the autopatcher lowers the pipette to the depth specified by the experimenter (Step 24), and waits 1 s before lowering the pressure inside the pipette from high positive pressure to low positive pressure ('iii' in Fig. 1a) . It waits 5 s and then measures the resistance of the pipette at this depth. This resistance value is displayed in the 'Resistance at beginning of neuron hunt (M-Ohms)' report box in the autopatcher software GUI (Fig. 5) . At this point, one of three cases will occur: (i) The autopatcher detects no clogging or breakage of the pipette tip during the descent to depth: in this case, the autopatcher proceeds to Autopatching step 3-neuron hunting ('iv' in Fig. 1a ). Panel 4 of the autopatcher software GUI automatically switches to 'Neuron Hunt' (Fig. 6a) .
(ii) The autopatcher detects a clogging or fouling of the pipette tip during the descent to depth (pipette resistance measured after lowering the pipette to depth is greater than pipette resistance measured outside the brain by more than 0.35 MΩ (ref. 24)): in this case, the autopatcher retracts the pipette out of the brain and displays a pop-up dialog box in the autopatcher software GUI, which indicates that the pipette tip is clogged or fouled and instructs the experimenter to replace the pipette for the next trial. See Step 33 in the main protocol for required user intervention. (iii) The autopatcher detects a breakage of the pipette tip during the descent to depth-(pipette resistance measured after lowering the pipette to depth is lower than pipette resistance measured outside the brain by more than 2.0 MΩ): in this case, the autopatcher will immediately halt positive pressure, retract the pipette out of the brain and display a pop-up dialog box in the autopatcher software GUI, which indicates that the pipette tip is broken and instructs the experimenter to replace the pipette for the next trial.
? trouBlesHootInG Autopatching step 3: neuron hunting-the autopatcher moves the pipette down by 2 µm every 2 s and measures the pipette resistance. These resistance values at each position are logged and displayed in the 'NEURON HUNTING RESISTANCE MONITOR' graph during the neuron-hunting process (Fig. 6a) . Contact with a neuron is detected when resistance increases monotonically over three steps and when the total increase is larger than the neuron detection threshold set in the 'Neuron detection threshold (M-Ohms)' numerical entry box (the default value is 0.25 MΩ, as described in Kodandaramaiah et al. 24 ) . A representative screenshot of a resistance trace recorded during a successful neuron hunting attempt is shown in Figure 6b. ? trouBlesHootInG Autopatching step 4: gigasealing-if a neuron is detected during neuron hunting, the advancement of the pipette is stopped and the autopatcher commences a gigasealing attempt (Fig. 7a,b) . The pipette resistance is now measured in intervals of 500 ms and displayed in the 'GIGASEALING RESISTANCE MONITOR' graph. After the pipette resistance is measured for 10 s, one of two cases will occur: (i) The autopatcher confirms that a neuron has been contacted (pipette resistance stays at the elevated value in the 10 s after the neuron was detected in autopatching step 3): in this case, the autopatcher proceeds to the next stage of gigasealing and switches to atmospheric pressure after 10 s. At the same moment the pressure is switched, the holding voltage is changed to −30 mV and ramps down to −70 mV. Additional detail about the algorithm can be found in the original paper 24 . The pipette resistances are plotted in the 'GIGASEALING RESISTANCE MONITOR' graph in the autopatcher software GUI (Fig. 7a) . A representative trace of resistance measurements during a successful gigasealing attempt is shown in Figure 7b . Successful gigaseals (seal resistance >1,000 MΩ) typically form in the first 30-90 s of gigasealing, and they occur in about 60% of the autopatcher trials in which the neuron-hunting stage was reached.
(ii) The autopatcher detects a false positive in the neuron detection (pipette resistance goes back to the baseline value measured before neuron detection in autopatching step 3, which is detected by comparing the average resistance measured in the last 4 s to the average resistance measurement in the first 4 s of this step): In this case, the autopatcher reverts back to neuron hunting (Autopatching step 3) until the criteria for neuron detection are met again.
? trouBlesHootInG
In a successful trial, no input is needed from the experimenter until a whole-cell recording or cell-attached recording is obtained (Step 36). However, in some trials, the autopatcher may reach an end point before obtaining a whole-cell recording that requires user input (e.g., if the pipette is found to be unsuitable for autopatching). In such cases, the pop-up dialog boxes will guide the experimenter on how to restart the trial (Steps 32-34). At any point, if the experimenter wishes to start a new trial from Step 24, the 'START OVER' button can be pressed to stop the current trial and to bring the pipette back to the brain surface for retrieval. The entire autopatching process is shown in Supplementary Video 1.
The experimenter can then follow the instructions in Stage VII-whole-cell recording and recovery after biocytin filling to obtain voltage and current clamp recordings after a successful autopatching attempt (Steps 37-39).
Before any in vivo experiments are attempted, it is recommended that the experimenter first perform a practice run of the autopatcher with the pipette tip immersed in a saline bath as a proxy for an in vivo experiment. This will allow the experimenter to get familiar with the autopatcher hardware and software systems, and to troubleshoot any equipment issues before an in vivo experiment is attempted. A modified, alternate protocol for doing a practice run in a saline bath (in lieu of Steps 21-39 detailed below) is described in the Supplementary Methods.
This protocol is written with the assumption that the experimenter has some familiarity with the basic principles of patch clamp physiology and rodent surgery. Prior experience in setting up an experimental electrophysiology rig and denoising it (e.g., for obtaining high-quality patch clamp recordings) is helpful. The autopatcher has been tested extensively in the cortex and the hippocampus in anesthetized mice 24 , and although the protocol is written with the mouse in mind it can also be applied, in principle, to a variety of species, brain regions and experimental contexts 26 . It is highly recommended that autopatcher users acquaint themselves with the existing in vivo patch clamping literature and protocols (see Margrie et al. 19 , Kodandaramaiah et al. 24 , DeWeese 25 , Margrie et al. 7 and Schramm et al. 27 ) to obtain a full understanding of the best practices that have enabled other research groups to get consistent in vivo electrophysiology results. As with any patch clamp experiment, obtaining high yield and high recording quality with the autopatcher is contingent on pristine experimental preparation-environmental cleanliness, solution purity and accuracy, and surgery quality (e.g., solid headplate attachment to the skull, excellent craniotomy quality). It is also crucial to ensure proper cleanliness of the working area, as any dirt, dust or contamination can clog what should be extremely clean pipettes, or otherwise impair recording quality. Successful patching also relies on high-quality patch pipettes, which are freshly pulled according to an optimized and robust protocol.
Box 2 | (continued)
Autopatching step 5: confirming gigaseal formation-60 s after the commencement of gigasealing, the autopatcher checks whether a gigaseal has been successfully formed. One of two cases will then occur: (i) Gigaseal has been obtained (seal resistance >1,000 MΩ; 'vi' in Fig. 1a and Fig 7b) : The autopatcher displays a pop-up dialog box indicating that a successful gigaseal has been formed. Proceed to Step 34. (ii) Gigaseal has not been obtained (seal resistance <1,000 MΩ): The autopatcher continues measuring the seal resistance every 500 ms and updates the 'GIGASEALING RESISTANCE MONITOR' graph. It is highly unlikely that a gigaseal will form if the seal resistance is <100 MΩ after 60 s of gigasealing operation. Proceed to Step 34 of the main protocol.
? trouBlesHootInG 3 by dropwise addition of NaOH, and adjust the osmolarity to ~300 mOsm by iteratively adding small quantities of NaCl (up to 150 mM final concentration). Filter the solution using a bottle-top vacuum filter (0.2-µm pore), and store the solution at 4 °C for up to a few months; warm it to 37 °C in a clean water bath before use in the experiment. Patch pipettes Pull the pipettes with resistance between 5 and 7 MΩ using the pipette puller (Fig. 3) . A good starting point is to use patch pipette geometries that have already been proven to work in brain slices or otherwise empirically optimized. Refer to Box 1 for a description of the ideal pipette geometry that gives optimum autopatching in our laboratory. (Fig. 2a) .
MaterIals

REAGENTS
2| Autopatcher control box. Follow the instructions in the assembly manual in supplementary Data 4 to assemble and test the autopatcher control box. Assembling the autopatcher control box requires proficiency in electronic and mechanical fabrication. Alternately, a fully assembled control box can be procured from a commercial vendor (e.g., Neuromatic Devices). Connect the pneumatic pressure output on the front panel of the control box to the pipette holder's pressure input using 3.175-mm (1/8th-inch) outer diameter nondeformable tubing and barbed Luer fittings as necessary. Connect the USB cable from the box to the computer, and connect the Bayonet Neill-Concelman (BNC) connections on the front panel to the patch amplifier and traditional external digitizer (Fig. 2b,d ).
3|
Headplate fabrication. See supplementary Data 2 and use the 'Head Plate CAD.sldprt' file to cut the headplates from 1.59-mm (1/16th-inch)-thick Delrin sheet using a laser cutter. Alternately, the fabricated headplates can be commissioned from commercial fabrication service providers. Use a high-speed rotary tool (e.g., Dremel, Amazon, ASIN#: B002L3RUVG) with a cylindrical sanding attachment to sand the bottom of the headplate to define a curved contour along the headplate window that fits with the curved surface of the mouse skull (Fig. 4) .
4|
Head fixation base fabrication. See supplementary Data 2 and use 'Head fixation base CAD.sldprt' to 3D-print the head fixation base in acrylonitrile butadiene styrene (ABS) plastic using a 3D printer. Alternately, the custom head fixation base can be commissioned from a commercial 3D printing vendor (e.g., Protolabs). Install the head fixation base on the optics table underneath the autopatcher pipette actuator, and then clamp it securely in position using bolts or table clamps (Fig. 2c) .  crItIcal step Secure clamping is very important. The custom headplates are surgically attached to the skull with dental cement, and they are then fastened to this base at the beginning of the experiment. If the base is not secured, then motion from the mouse or other disturbances could cause the skull to move relative to the pipette. This will substantially reduce yield and recording stability.
5|
Ground electrode. Take an insulated wire, 300-450 mm long, and solder a Ag-AgCl pellet on one end and a 1-mm gold-coated pin on the other end. Cover soldered sections with insulating heat-shrink tubing and shrink it using a heat gun. Plug the gold-coated pin into the back of the amplifier headstage. The Ag-AgCl pellet is kept on top of the skull, submerged in the ACSF bath during the patch experiment using a 'helping-hand' device (see Step 25) . (Fig. 5) .
9| Programmable motor software. Install the drivers and software provided by the manufacturer for controlling the programmable linear motor. If you are using the TDC001 motor controller from Thorlabs, this is the APT controller software.
10| Configuring autopatcher software. Follow the instructions in the configuration manual 'Autopatcher software configuration manual.pdf' in supplementary Data 1 to configure the autopatcher software to recognize and control the programmable motor, internal digitizer and amplifier software. The interactive elements displayed in this panel depend on the stage of autopatching, and they include methods for setting the beginning and ending depth ranges within which the autopatcher will scan for neurons, among other things (see Fig. 6 and supplementary Video 1 to see how this box changes throughout the protocol).
11| Restart the computer. Restart the computer after completing all the software installations to allow the operating system to register all the changes.  pause poInt This completes the setup of the autopatcher hardware and software. The following steps describe the protocol for performing the in vivo experiment. Before this, it is recommended that the experimenter follow the steps described in the supplementary Methods to test the autopatcher operation using a pipette navigating in a saline bath as a proxy for the intact brain. Beyond this initial setup, it is also important to clean the pipette holder, silver wire, ground wire, pipette storage box and pipette puller bars with ethanol and filtered deionized water at least monthly to reduce clogging from precipitates and dust accumulation. surgical preparation: headplate attachment and craniotomy 12| Anesthetize the mouse. Anesthetize a mouse using an approved anesthesia protocol. We typically use a cocktail of 100 mg/kg ketamine and 10 mg/kg xylazine, or 1-2% isoflurane in oxygen. Maintain the animal's anesthetic plane throughout surgery and recording by regularly testing the depth of anesthesia and by adjusting the anesthetic dosing according to the approved animal protocol. ! cautIon All procedures involving animals must be performed in strict compliance with institutional and federal regulations concerning laboratory animals. The procedure that we describe here was approved by the Division of Comparative Medicine (DCM) at the Massachusetts Institute of Technology.
13|
Prepare the mouse for surgery. Apply ophthalmic ointment to the mouse's eyes, and use hair trimmers and scissors to trim hair on top of the head (Fig. 4b) to prepare the scalp for incision. Scrub the head with a sterile cotton swab soaked in Betadine, followed by scrubbing with 70% (vol/vol) ethanol to clean the scalp (repeat approximately three times as required). Ensure that all hair clippings are removed from the surgical area during this procedure.
14| Fix the mouse in the stereotaxic apparatus.
Fix the mouse in the stereotaxic apparatus using the ear and mouth bars. Adjust the ear bars and nose cone of the stereotax such that bregma and lambda reference points are at the same height and the midline is parallel to the anterioposterior axis of the stereotax frame. Ensure that the mouse is placed on a heating pad with a temperature probe to regulate body temperature during the surgical procedure.
15|
Incise the scalp and expose the skull. Use a no.10 surgical blade to make a clean longitudinal incision (anterior to posterior; Fig. 4c ). Use small retractors to pull apart the skin over the skull. Use a microcurette to remove fascia. Identify the location for the craniotomy using the stereotaxic coordinates (Fig. 4d) . Use a burr drill bit to gently make a burr hole at the spot to mark the location of the craniotomy. Do not drill all the way through the skull.
16|
Implant the skull screws. Using a dental drill, drill three anchor holes (~500 µm diameter) into the skull. Screw in the self-tapping skull screws into the drilled holes (indicated by the three small red dots in Fig. 4e) . The location of the skull screws should be made such that the desired recording craniotomy location is roughly centered inside the headplate window. Place two posterior skull screws and one anterior skull screw with ~7 mm between the anterior and posterior positions so that when the headplate is fixed the skull screws are just inside the 'window' of the headplate.
17| Attach the headplate. Clamp the headplate to the stereotaxic arm so that it is horizontal in the stereotax frame, and then lower the stereotaxic arm until the headplate sits on the exposed skull. Apply freshly mixed dental acrylic cement around the skull screws and around the periphery of the headplate (Fig. 4f) . Do not apply acrylic cement over the craniotomy location. This should cure in 10-15 min. A picture of the skull surface before and after the headplate attachment is shown in Figure 4g. 18| Open the craniotomy for recording. Gently mill down the surface of the skull, in a circular area ~1 mm in diameter, until the bone tissue is thin enough to appear flaky and translucent (Fig. 4h,i) . Next, use a 31-gauge needle to pick away at the desired point on the thinned skull very gently, opening up a single small hole ~500 µm in diameter, inducing minimal brain exposure (Fig. 4j,k) . Keep the brain surface wet with ACSF while attempting to open the craniotomy. Good technique for opening craniotomies has been previously described by Lee et al. 20 . Ensure that the craniotomy has been cleared of all bone debris before proceeding to the next step.  crItIcal step Make sure that the surface of the brain is not damaged when you are attempting to dislodge and lift off the bone.  crItIcal step The size and quality of the craniotomy has a major influence on the yield and success rate of autopatching. This has been well documented by other groups performing manual in vivo whole-cell patch clamping 20 .
19| Perform a durotomy. Use a 31-gauge needle to cut a 100-to 500-µm slit in the dura while keeping the tip of the needle pointing tangentially to the surface of the brain to prevent damaging the brain. By using the needle or fine forceps, slowly fold the dura to either side of the incision to create an opening. Bleeding can be controlled with sterile absorbent pads or by perfusing the craniotomy with ACSF. This step should be done with caution if there are major blood vessels present.
20|
Head-fix the mouse in the autopatcher. Once surgical preparation is complete, secure the mouse to the custom headfixing base in the autopatcher (Fig. 2c) by fastening the headplate to the mouse head fixation base using no. 4-40 socket head screws.  crItIcal step Keep the mouse on a heating pad to ensure that its body temperature is regulated throughout the autopatching experiment.
Initializing software programs for autopatching 21| Start the amplifier control software. Open the amplifier software (e.g., MultiClamp Commander). The amplifier software should automatically recognize the amplifier connected to the computer. Set the correct channel of the amplifier to voltage clamp mode.
22|
Start the data acquisition software. Open and run the data acquisition software (e.g., Clampex, Molecular Devices) to monitor and record the currents measured during the experiment. at which you want the autopatcher to stop searching for neurons in the 'Pipette depth to stop neuron hunting (micrometers)' numerical entry box (Fig. 5) . Click the 'BEGIN NEW TRIAL' button. A pop-up dialog box will appear instructing the experimenter to install a new pipette for autopatching. Throughout the operation of the software, panel 4 of the GUI (Fig. 5) will change periodically to report the most current information or to collect input from the user that is appropriate for the current stage (supplementary Video 1). setting up the autopatcher for an autopatching trial 25| Install the ground electrode. Place the ground wire's Ag/AgCl pellet on top of the mouse's skull close to the craniotomy.  crItIcal step During the operation, ensure that the ground wire Ag/AgCl pellet is submerged in the ACSF solution above the skull surface and that it is not subject to any mechanical motion.
26| Inspect the craniotomy. Perfuse the craniotomy with sterile ACSF if needed to clean the surface (e.g., of any residual blood).
27|
Install a pipette in the autopatcher. Fill a patch pipette with internal pipette solution using a syringe filter and Microfil, and install it in the pipette holder.  crItIcal step Always use a fresh, unused pipette for every trial. Do not attempt to reuse patch pipettes from a previous trial.  crItIcal step To achieve a closed circuit connection, ensure that there is sufficient solution in the pipette to submerge a portion of the Ag-AgCl wire when the pipette is installed in the pipette holder.  crItIcal step Ensure that the internal pipette solution is kept in an ice bath for the duration of the experiment and that it is filtered (0.2-µm pore) before backfilling the pipette to prevent internal clogging of pipettes. It is recommended to use the pipettes within a few hours of pulling.
28| Set pressure states in the autopatcher control box. Adjust the autopatcher control box pressures by adjusting the knobs on the control box's front panel. Set the high positive pressure to 800 mBar, low positive pressure to 25 mBar, low negative pressure to −15 mBar and high negative pressure to −300 mBar.
29|
Position the pipette for autopatching. Carefully position the tip of the patch pipette 20-30 µm above the brain surface using the manual three-axis manipulator. The size of the craniotomy and the pipette, as well as other known quantities, can serve as a 'scale bar' for this process. During this procedure, maintain a thin (5-30 µm) film of fluid over the surface of the brain to prevent the tissue from drying out. Use the stereomicroscope to visualize the pipette tip and craniotomy in this step. Measurements of depth traversed by the autopatcher in subsequent steps are referenced from this starting position. After the tip is positioned, add ACSF until both the tip of the patch pipette and the ground pellet are submerged. This will complete the circuit.
30|
Monitor currents and denoise the autopatcher. Observe the currents being measured by the amplifier in the data acquisition software. Eliminate any sources of 60 Hz (or 50 Hz depending on geographical region) electrical noise. This can be done by grounding the Faraday cage and the vibration isolation table to the signal ground of the patch amplifier, identifying sources of noise such as microscope lamps and power supplies and either shielding them, powering them down or relocating them outside the Faraday cage. Shielding the headstage with metal foil and the space surrounding the silver wire may also help. All metal foil shielding should be connected to the optic table ground. The peak-to-peak noise level in the current measurement should be <40 pA. This completes the manual setup stage of an autopatching trial. ? trouBlesHootInG 31| Begin an autopatching trial. Click 'OK' in the pop-up dialog box in the autopatcher GUI (referred to in Step 24) . The autopatcher will now perform automated whole-cell patching until the point when the experimenter chooses to record in either the whole-cell mode or the cell-attached mode. These automatically performed steps are described in Box 2 (see also Figs. 5-7) . Some of these automatic steps may result in outcomes that require user intervention. Steps 32 and 33 describe what to do if such conditions are encountered. Figure 5 , now showing the autopatcher software GUI displayed during the gigasealing and break-in stages of autopatching (Box 2, autopatching steps 4 and 5; Steps 34 and 35 of the main PROCEDURE). The 'GIGASEALING RESISTANCE MONITOR' graph displays the recorded seal resistances during a gigasealing attempt. The 'RETURN TO NEURON HUNT' button allows the experimenter to over-ride the autopatcher operation and return to the neuron-hunting stage of autopatching. The 'MANUAL APPLICATION OF SUCTION' button allows the experimenter to over-ride the autopatcher algorithm's negative pressure application to manually apply additional negative pressure at any time during gigasealing, and it allows exploration of alternate strategies for gigasealing used in in vivo and in vitro slice patching 25, 34 . Once a successful gigaseal is formed, break-in can be attempted by using the 'ATTEMPT BREAK IN' button, which causes the autopatcher to apply pulses of negative pressure of selected time duration. Alternatively, break-in can be attempted by applying voltage pulses using the 'ZAP!' button. The 'WHOLE CELL CURRENTS MONITOR' graph displays the currents in response to injected voltage square waves after a break-in attempt so that the user can assess whether it has achieved the whole-cell configuration. (b) Screen capture of seal resistance measurements displayed in the 'GIGASEALING RESISTANCES MONITOR' graph in the autopatcher software GUI during a successful gigasealing attempt. A GΩ seal was obtained at time point 'i' . The 'ATTEMPT BREAK IN' button was used by the experimenter at t = 105 s to break into the cell. Whole-cell configuration was obtained at time point 'ii' . (c) Illustration of currents measured and displayed in the 'WHOLE CELL CURRENTS MONITOR' graph in the autopatcher software GUI after a successful break-in attempt resulting in a whole-cell patched neuron.
32| User intervention if the pipette is found to be unsuitable for autopatching (Box
39|
Pipette retraction for recovering biocytin filled cell. After recording from the cell, press the 'SLOWLY RETRACT PIPETTE' button in the autopatcher software GUI to retract the pipette in steps of 3 µm every 1 s for up to a total distance of 150 µm, followed by a fast retraction to the surface of the brain (Fig. 8) . The initial slow retraction allows the gradual resealing of the biocytin-filled cell accompanied by the formation of an outside-out patch at the pipette tip. This will preserve the morphology for postexperiment processing and reconstruction.
? trouBlesHootInG Troubleshooting advice can be found in table 1. Baseline current is unstable and drifts >100 pA/min are observed Bad ground electrode Ensure that the ground wire has proper connectivity, and that the Ag-AgCl pellet is soldered properly to the ground wire. Older pellets also benefit from rechloriding to refresh their active surfaces
Inadequate internal solution in the pipette
Ensure that the pipette has been filled with enough internal solution to submerge a portion of the Ag-AgCl wire Inadequate ACSF bath Ensure that both the ground electrode's Ag-AgCl pellet and the pipette tip are submerged in the ACSF bath
Poor conductivity of the silver wire inside the pipette holder Make sure that the silver wire in the pipette holder is properly chlorided. Soaking the wire in bleach for 3-5 min, followed by thorough cleaning in distilled water, is sufficient to correct this problem Broken silver wire inside the pipette holder
Check the electrical continuity between the gold-coated pin on the pipette holder and the silver wire using a multimeter Peak-to-peak noise level is >40 pA 50-or 60-Hz electrical noise sources inside the Faraday cage
Ensure that all sources of 50-or 60-Hz noise have been turned off or removed from the Faraday cage and all ground loops are identified and eliminated. Add grounded shielding as necessary Current trace is modulated at low frequencies (0.25-6 Hz)
Improper ground wire placement
Ensure that the ground wire has proper connectivity and that the Ag-AgCl pellet is soldered properly to the ground wire, checking using a multimeter. Ensure that the Ag-AgCl pellet is on the skull, surrounded by conductive saline Ensure that the headplate is rigidly attached to the skull and that there is no relative motion between them when the mouse is head-fixed in the custom holder. Using a pair of tweezers, lightly touch the skull while looking through the stereomicroscope to observe any relative motion between the skull and the dental acrylic. Autopatching should not be attempted if the dental acrylic has detached from the skull or if the head-fixation is inadequate • tIMInG The reader should budget an initial setup time for installing and integrating all components of the autopatcher. If all components have been procured at the time of setup, assembling the pipette actuator (Step 1) takes 30-60 min. The autopatcher control box is the most involved setup step (Step 2), and it should take 2-3 d, assuming that all the components were procured and that circuit boards were prefabricated. The custom head fixation base and headplates take ~1 d to fabricate (Steps 3 and 4). Fabricating the ground electrode and preparing the pipette holder takes ~30 min (Steps 5 and 6). Once the hardware components have been set up, installing and configuring the software takes 3-4 h (Steps 7-11). Each experiment commences with the surgical preparation of a mouse, which typically takes 45-60 min to complete (Steps [12] [13] [14] [15] [16] [17] [18] [19] [20] . Once the mouse is ready for autopatching, initializing the autopatcher software at the beginning of the experiment takes ~5 min (Steps 21-24) . Installation of the pipette in the autopatcher and positioning it at the craniotomy typically takes 2-3 min (Steps 25-31), whereas the autopatching itself takes 3-7 min to complete (Box 2, autopatching steps 1-5; main PROCEDURE Steps 32-36). The time duration of recording from each whole-cell patched neuron (Steps 37-39) is determined by the specific experimental goals. The autopatcher can be used to obtain high-quality current and voltage clamp data from anesthetized mice (Fig. 9a-d) , and recorded neurons can be filled with biocytin for morphological analysis (Fig. 9e) . As described previously, under optimized experimental conditions (as described here), one can expect successful whole-cell recordings in ~32.9% of the trials, on average (n = 24 out of 73 trials) 24 , with >60% of the trials yielding good recordings for attempts made within the first hour after opening a fresh craniotomy. Variability in yield might be observed owing to variations in the quality of pipettes, the quality of the surgical preparation of the mouse and the quality of the craniotomy. Although the autopatcher has been configured to accept pipettes with resistances between 3 and 9 MΩ, which is the generally acceptable range for patch pipette resistances, in our experience best results were obtained using pipettes with resistances between 5 and 7 MΩ. Patching different neuron types or at different depths or in different species may require different pipette geometries and software settings. The yield of autopatching declines with the time that the brain is exposed after the craniotomy is made, as well as with the number of patch attempts made in a particular craniotomy. One strategy to overcome this (if allowed by the experiment) is to attempt autopatching in the more dorsal regions before targeting ventral regions in the pipette descent path. Once the cells are autopatched, the cells can be held for an average of ~45 min, with the longest recordings lasting up to 3 h, using a quality criterion of resting membrane potential <−50 mV and spike amplitude >35mV. The throughput of the autopatcher is governed by the time taken to run each trial (3-7 min, including the time taken to install the pipette in the setup) and the desired recording duration, which can vary depending on the experiment. There is ongoing work to combine the autopatcher with technologies that can automatically perform craniotomies 28 , change pipettes (to enable serial autopatching without human intervention), and potentially to enable parallel computer control of multiple autopatchers with a substantial increase in throughput 29 .
Quality of recordings
The quality of neuronal recordings obtained with the autopatcher is comparable to that obtained via manual whole-cell patch clamping by skilled manual in vivo patch clamp practitioners. In our original study 24 , we compared the autopatched recordings with those obtained via fully manual patch clamping using commonly used metrics: the access resistance, the holding current required to voltage-clamp neurons at −65 mV, the resting membrane potential and the recording time.
In all these comparisons, no significant difference was observed between autopatched neurons and those obtained via standard in vivo patch clamping protocols. These metrics may serve as positive controls for success of the autopatching procedure.
cell types and morphologies of autopatched neurons
In our original study 24 , we analyzed the cell types obtained by the autopatcher. Of the neurons recorded in the cortex and hippocampus in a mouse (91% of all cells patched), typically 68% exhibited regular spiking characteristics, 4% exhibited burst firing patterns, 13% exhibited irregular spike characteristics, 4% exhibited spikes followed by smaller spikelet events suggestive of backpropagation of action potentials in dendritic recordings and 2% had spike firing that accelerated. In 9% of the neurons, steady (2 s in duration) current injections over the firing threshold resulted in single action potentials fired, typical of fast adapting neurons. 9% of the recorded cells lacked spiking activity when the membrane potential was depolarized to −30 mV via steadily increasing current injections. Along with this observation and their low cell capacitance characteristics, we concluded that these were glial cells. Although they are not comprehensive, these data do illustrate that a variety of cell types can be patch-clamped in vivo using the autopatcher. Including 0.4% (wt/vol) biocytin in the internal pipette solution while autopatching enabled morphological characterization of the recorded cells via standard immunohistochemical staining protocols. We developed several optimization strategies to obtain high-quality morphological reconstructions of autopatched neurons. These include the following: configuring the autopatcher pipette actuator at an angle (45° to the vertical axis) so as to minimize the number of 'ghost-stained' (e.g., stained with background levels of biocytin ejected during the approach of the patch pipette) cells in the brain slice containing the recorded neuron, and shortening the duration of recording (10-15 min). In our experiments, we were able to recover the morphologies of ~75% of the recorded cells based on the intensity of staining, as well as staining of fine dendritic arbors, which are absent in the ghost-stained neurons that are found nearby. Of the cells that were morphologically identified, 70% of neurons autopatched in the cortex were pyramidal cells exhibiting apical dendritic structures (Fig. 9e) , similar to observations made in other studies 6 .
Generalizability of the autopatching algorithm
The algorithm used for autopatching was derived in experiments conducted in the cortex of anesthetized mice, but it was also useful for obtaining recordings in the hippocampus-exhibiting a degree of generalizability of the algorithm across brain regions. The algorithm is robust enough to allow usage of optic fibers with the patch electrode for simultaneous optogenetic stimulation and autopatching. In a series of experiments, a 200-µm optical fiber was attached to the pipette such that the tip of the fiber was 600 µm lateral from and 500 ± 50 µm above the tip of the electrode tip. This assembly was lowered into the brain using the autopatcher to obtain whole-cell patch recordings and subsequently measured photo-evoked hyperpolarization of motor cortex neurons expressing the red-shifted optogenetic silencer Jaws 26 (Fig. 9g) and photo-evoked spikes from neurons expressing channelrhodopsin-2 in a Thy1-ChR2 transgenic mouse 30 (Fig. 9h) . Coupling of other devices to the autopatcher setup 31 may enable the integration of the autopatcher into experiments involving extracellular recording, pharmacological infusion and other neuroscience strategies of importance. As a final note, the protocol described above has been tried and tested in anesthetized mice. We have also successfully used the autopatcher to obtain whole-cell patch recordings in awake head-fixed animals (Fig. 9f) , both in a fully immobilized setting 11, 32 and in head-fixed animals on a spherical virtual reality treadmill 14, 33 .
